In this paper, extreme precipitation spatial analog is examined as an alternative method to adapt extreme precipitation projections for use in urban hydrological studies. The idea for this method is that real climate records from some cities can serve as "analogs" that behave like potential future precipitation for other locations at small spatio-temporal scales. Extreme precipitation frequency quantiles of a 3.16 km 2 catchment in the Chicago area, computed using simulations from North American Regional Climate Change Assessment Program (NARCCAP) Regional Climate Models (RCMs) with L-moment method, were compared to National Oceanic and Atmospheric Administration (NOAA) Atlas 14 (NA14) quantiles at other cities. Variances in raw NARCCAP historical quantiles from different combinations of RCMs, General Circulation Models (GCMs), and remapping methods are much larger than those in NA14. The performance for NARCCAP quantiles tend to depend more on the RCMs than the GCMs, especially at durations less than 24-h. The uncertainties in bias-corrected future quantiles of NARCCAP are still large compared to those of NA14, and increase with rainfall duration. Results show that future 3-h and 30-day rainfall in Chicago will be similar to historical rainfall from Memphis, TN and Springfield, IL, respectively. This indicates that the spatial analog is potentially useful, but highlights the fact that the analogs may depend on the duration of the rainfall of interest.
Introduction
The population in urban areas has increased by over 250% since 1964, and as a result, urban hydraulic infrastructure has dramatically increased [1, 2] . Due to increased impervious surfaces, expanded coverage of storm sewers and other engineered drainage systems, and modified landscape, urban hydrologic systems have much smaller storage and shorter response time than the pre-development hydrologic systems. As a consequence, high-intensity short-duration precipitation extremes become one of the major causes of failures of hydraulic infrastructure in urban hydrologic systems [3] , and thus play a significant part in studies and designs of urban hydraulic infrastructures. Design storms in particular, which are precipitation events of a specified duration and return period, are used universally in design of storm sewers [4] , storage facilities [5] , bridges and culverts [3] , and in floodplain studies [6] . The return periods of these design storms can range from 2-year [4] to 100-year [5, 6] , while the durations range from less than an hour to several days depending on the purpose and scope of the structure being designed. The widely accepted and applied way to calculate In addition to the biases, small scale precipitation projections from dynamical downscaling may also be associated with large uncertainties. The driving GCM outputs are carrying uncertainties from emission scenario, GCM model formulation, and natural variability [27, 30, 31] . These uncertainties are amplified when added with uncertainties of RCM and RCM-GCM pairing in the downscaling process [31] . With better representation of changes in the small-scale processes, reducing the spatio-temporal resolution of RCM simulations can reduce the bias and also decrease the uncertainties in projected extreme precipitation [27] . Many studies have emphasized the importance of natural variability [32, 33] and variations in RCM formulation [34] to the uncertainties of projected small-scale precipitation extremes. In recent years, extensive cross-agency efforts have been put into multi-model ensemble systems that compare different RCMs and realizations, like the NARCCAP program [29] and the Coordinated Regional Climate Downscaling Experiment (CORDEX) [35] . Multi-model ensemble systems with long-term simulations from different GCM-RCM should be able to account for uncertainties from natural variability, GCM and RCM model formulations, and GCM/RCM pairing. They are one of the most reliable data sources for future climate projections and are widely used in climate change impact studies [16, 27] .
Many previous studies have looked at accessing small-scale future precipitation extremes and the uncertainties associated with them. However, we need a better understanding of how different models project small-scale extreme precipitation at different frequencies and durations, as well as the uncertainties associated with these projections at different frequencies and durations. The first part of this study aims at answering these two questions. Simulated 3-h rainfall time series from NARCCAP were used in frequency analysis to estimate rainfall quantiles from 2-year to 100-year return period, at durations of 3-h, 24-h, and 30-day. The Calumet Drop Shaft-51 (CDS-51) catchment in the Chicago Metropolitan area was selected as a case study. Biases and uncertainties were analyzed at different frequencies and durations, from simulations of different NARCCAP GCM/RCM combinations.
Even though there are new data sources that use more updated emission scenarios, or smaller spatial steps that can better capture the behavior of small-scale extreme precipitation, those data sources are limited to selected model, time domain, and locations. NARCCAP is the dynamically downscaled multi-model ensemble for North America that has the smallest time step (3 h) and spatial step (50 km). However, there is still a gap between the spatio-temporal scales required for urban H & H studies, and the ones of available multi-model ensembles. When looking at short-duration extreme precipitation from NARCCAP, Mishra et al. [16] found that 3-h precipitation maxima means and 100-year return period magnitudes at a large number of studied urban areas across the United States are "largely underestimated" for both reanalysis and GCM boundary conditions, with biases over 10% of the observed estimates. These biases are not appropriate to use directly for stormwater infrastructure design purposes. They ascribed this bias to the weakness of RCMs in the convective parameterizations and its spatial scale.
One widespread interpretation for future climate change among both climatologists and end users is that "By the end of the century, an Illinois summer may well feel like one in East Texas today" [36] . An underlying assumption of this saying is that, the change of climate in time, from now to future, can be represented by the change of climate in space, from one place to another. Inspired by this idea, this paper examines an alternative method called extreme precipitation spatial analog to represent potential future extreme precipitation at small spatio-temporal scale. The spatial analog method uses real climate records from other locations to represent potential future climate. This is a novel alternative to the climate model projections and provides an intuitive way to communicate potential future climate projections to climate change adaptation and mitigation studies [29] . "A spatial analog is a location whose climate during a historical period is similar to the anticipated future climate at a reference location" [37] . As a "local, concrete, and immediate" [38] way to access future climate, the spatial analog method is particularly useful for urban studies, most of which focus on using multiple climate variables to study the social or economic vulnerability of cities [39] [40] [41] [42] . Previous studies that looked at precipitation spatial analogs have focused on average precipitation patterns at large time scales.
Hallegatte et al. [40] , Grenier et al. [37] , and Kellett et al. [42] used annual precipitation as the metric to find spatial analogs. Kopf et al. [41] include 30-year Aridity Index as a metric. Hallegatte et al. [40] , Horváth et al. [43] and Ramírez-Villegas et al. [44] adopted monthly precipitation in their studies. Among rare attempts that studied precipitation spatial analog, Kellett et al. [42] looked at small temporal scale extreme precipitation of spatial analogs: Extreme daily precipitation of the whole study time periods were used as a metric for selecting spatial analogs. However, no previous study has focused only on looking at spatial analog for extreme precipitation, nor do they examine frequencies of sub-daily extreme precipitation in spatial analog. Extreme precipitation at sub-daily and shorter time scales have different mechanism to those at longer time scales [45] . The high variability of extreme precipitation at small spatio-temporal scales is crucial for urban hydrologic and hydraulic design. Existing studies mentioned the need for denser rain gauge network and finer resolution radar data [46, 47] . However, due to their coarse resolution, current climate model ensemble projections are limited in their ability to represent small scale physics necessary to generate hydrologic data for urban H & H studies. The novelty of this approach is that it bridges the gap between projections from current climate model ensemble and fine spatial and temporal resolutions needed for H & H design by adopting the concept of spatial analog to extreme precipitation. When we borrowed the concept of spatial analog to focus only on extreme precipitation, the underlying hypothesis is that the future extreme storm characteristics of a certain location will be similar to the current extreme storm characteristics of a different location. Since extreme precipitation at different durations and frequencies are of interest for various urban H & H studies depending on their spatio-temporal scales, it is of great importance to study extreme precipitation spatial analog at different durations and frequencies.
In this study, we examine if an extreme precipitation spatial analog method is feasible to project future precipitation extremes at the scales required for urban H & H studies. Here we use the intensity-duration-frequency (IDF) relation as a metric for extreme rainfall spatial analog. The CDS-51 catchment in the Chicago Metropolitan area was selected as a case study to test the method. Given that current large model ensembles of climate model simulated dynamically downscaled rainfall have not yet reached the hourly and sub-hourly resolution, evaluating the possibility of using other cities' high-resolution rainfall data to represent future precipitation of CDS-51 can be valuable for further climate change impact studies on urban H & H processes. Since CDS-51 is located in the Chicago metropolitan area of Illinois, this study can also evaluate the original concept of the transformation from temporal change to spatial change from Kling et al. [36] , who used Illinois as an example to illustrate the migrating of climate.
Previous studies have showed that the intensity and duration of small duration heavy precipitation in the Chicago area are projected to increase [28, 48, 49] . Markus et al. [28] used rainfall outputs from one GCM and RCM combination with 30 km resolution to analyze the rainfall frequency quantiles for 2046-2055. Results showed that 24-h extreme precipitations of 2-year, 5-year, and 10-year return periods exhibited an average 20% and 16% increase under the Special Report on Emissions Scenarios (SRES) A1FI and B1 scenario [50] in the northern part, and a minor increase of 3% under A1FI scenario and a decrease of 12% under B1 scenario for the southeastern part. These results were updated by the same research group in 2018 [51] , with projected increase in 24-h rainfall of 2-year to 100-year return period under SRES A1B, A2, and B1 scenarios using statistically downscaled 13 Coupled Model Intercomparison Project Phase 3 (CMIP3) models at 10 km resolution [52] .
Dynamically downscaled model ensembles for North America using Coupled Model Intercomparison Project Phase 5 (CMIP5) data [53] , like the North American Coordinated Regional Downscaling Experiment (NA-CORDEX) [54] , do not have enough simulations from different RCM/GCM combinations at temporal scale as small as 3-h yet. Wuebbles et al. [55] have found that there are large variances between simulated extreme precipitation of different models in CMIP5 data. Extreme precipitation spatial analog derived using precipitation projections from only a few of CMIP5 models would be very uncertain. In addition, Wuebbles et al. [55] showed that the CMIP5 overall projected changes of extreme precipitation are in general similar to those of CMIP3 [56] .
Specifically, Markus et al. [51] compared dynamically and statistically downscaling and also CMIP3 and CMIP5 projected daily extreme precipitation at the Chicago area and did not find significant difference. Taking all these factors into consideration, NARCCAP [29] , which provide 3-h 50-km resolution rainfall simulations from over 10 combinations of RCM/GCM with SRES A2 scenario [50] , is one of the best data sources for future extreme rainfall studies at the regional scale, and was used in this study to test the possibility of extreme precipitation spatial analog method. Future study can be conducted with more advanced multi-model ensembles to find extreme precipitation spatial analog using the method provided in this study.
Data and Methods
A schematic plot for the methodology of this study is shown in Figure 1 . First we obtained the NARCCAP simulated rainfall data at the study area using four different remapping methods (see Sections 2.1-2.3). Then we calculated the annual maximum series (AMS) of NARCCAP rainfall at 1968-2000 and 2041-2070. Regional frequency analyses were conducted using these AMS to get frequency quantiles of NARCCAP rainfall data (see Section 2.4). We also sampled all the National Oceanic and Atmospheric Administration (NOAA) Atlas 14 (NA14) rainfall quantiles of the study area. After that, these NARCCAP rainfall frequency quantiles were bias-corrected with the ratio method using NA14 quantiles of the study area (see Section 2.5). Bias-corrected future NARCCAP rainfall quantiles were then compared to NA14 relations at other cites in search of potential spatial analog. 
Study Site
The CDS-51 catchment (see Figure 2) , which belongs to the Calumet system of Chicago's Tunnel and Reservoir Plan (TARP) [57] , has been widely used in H & H studies [20, 58, 59] . The CDS-51 catchment is a 5th-order complex urban system with an area of 3.16 km 2 in the Village of Dolton, IL. The spatial characterization of the CDS-51 catchment was collected and analyzed during the Phase II of TARP project [20] . The critical duration for this catchment is 1 h [19] . 
Precipitation Data
The climate model simulated rainfall used in this study come from NARCCAP [29] . NARCCAP is an international program that aims at producing high resolution climate change simulations for investigating uncertainties in future climate projections and climate change study at regional scale for the North American region [29, 60] . It provides dynamically downscaled precipitation at small spatial-temporal resolution of 50-km and 3-h, from different combinations of GCM and RCM. The 10 RCM/GCM combinations used in this study are shown in Table 1 . The four GCM simulations were obtained from the CMIP3 archive [56] . The driving emission scenario for the GCM simulations is the SRES A2 scenario [50] . Under Phase II of NARCCAP, the five RCMs were run for the current period of 1968-2000 and future period of 2041-2070, with boundary conditions provided by those GCMs. Despite the fact that there are new GCM model simulations under updated climate models and emission scenarios, like the CMIP5 models and Representative Concentration Pathways (RCP) scenarios [18] , in this study we chose the NARCCAP dataset with CMIP3 GCMs. As we argued previously, small spatial and temporal resolutions are needed for climate models to simulate the small-scale processes that are associated with urban catchment scale precipitation extremes. At the same time, to account for uncertainties and biases from model formulation and natural variability, multi-model ensemble is preferred to single model runs. Unfortunately, due to the large computation expense, dynamically downscaled small resolution multi-model ensembles using models from the CMIP5 archive under RCP emission scenarios are still not available for the entire United States. NARCCAP is the best dataset publicly available, dynamically downscaled to sub-daily time scale, verified and applied by many studies, and with a number of RCM/GCM combinations. To evaluate the climate models' performance, we compared the model simulated rainfall's intensity-duration-frequency (IDF) relation under present-day climate with those of observations. The most recent nationwide calculation of rainfall quantiles, National Oceanic and Atmospheric Administration (NOAA) Atlas 14 (NA14) [61] , was adopted in this study to represent the observed climate conditions. The NA14 rainfall data time periods are 1948-2000 for hourly rainfall measurements, and 1863-2000 for daily rainfall measurements. We looked at 3-h, 24-h, and 30-day precipitations from NA14. Rainfall quantiles with duration under 3-h were not used in this study, since NARCCAP cannot be used to provide rainfall quantiles at equivalent durations. Return periods examined are 2, 5, 10, 25, 50 and 100 years. IDF relations at the location of the study site and four cites south and west of Chicago (where the study site is located) were also obtained. The four cites are: Champaign IL, Springfield IL, St. Louis MO, and Memphis TN (see Figure 3) . As can be seen in Figure 3 , all five cities fall within 2.5 degree longitude of each other. Hence, we anticipate them to have similar climate. As locations shift south from Chicago to Memphis, we expected to see increases in precipitation extremes that could portray the changes in time projected for Chicago. 
Regridding and Sampling of Rainfall Data
To account for the differences between spatial resolutions of NA14 precipitation dataset and NARCCAP simulated precipitation, the study area of this paper was set to be a rectangular grid centered at the centroid of CDS-51 catchment and has the same resolution of the NARCCAP horizontal grids (i.e., 50 km), which is shown as the area with the green boundary lines in Figure 2 . This area is referred to as "the study area" or "the study grid".
Different RCM/GCM combinations of NARCCAP have different horizontal grids systems even though they are in the same resolution. As a result, regridding or remapping is needed to interpolate horizontal fields of all model combinations to our study grid. Some research indicates that regridding might cause smoothing in the extremes [62, 63] , but it changes with a variety of factors including interpolation or averaging approach, number of points, etc. In this study, we quantified the potential uncertainties in regridding process by using four widely-recognized remapping methods: bilinear interpolation, bicubic interpolation, distance-weighted average remapping, and nearest neighbor remapping. The Climate Data Operators (CDO) [64] was used for the regridding process. Although we recognize the potential smoothing of extremes from regridding, we anticipate that the impact of smoothing is smaller than that of difference among different NARCCAP model grids, and therefore regridded the data to a consistent study grid. We include nearest-neighbor approach as this does not smooth the extremes.
As the study area is much larger than NA14 horizontal grids (0.0083 degrees longitude and latitude or around 900 m) [61] , all NA14 grids that have their centroids inside the study area were obtained to provide the rainfall quantiles under present-day climate.
Precipitation Frequency Analysis and IDF Relation
Precipitation frequency analyses were conducted for NARCCAP simulations under historical and future periods using the L-moments method to get the IDF relations of rainfall. By picking the maximum rainfall depth of a certain duration for each year, AMS were formed for each of the selected durations. These AMS were then fitted into distributions using the L-moments method. The L-moments method [65] is widely used in precipitation frequency analyses, including the NA14 [61] . For this study, the L-moments are used instead of conventional moments, due to several reasons. First, L-moments "characterize a wider range of distributions"; second, when estimated from a sample, they are "more robust to the presence of outliers in the data"; third, L-moments are "less subject to bias in estimation" [65] . Details about the L-moments and frequency analysis using L-moments can be found in Hosking and Wallis [65] . In their book, Hosking and Wallis [65] defined L-moments λ r as linear combinations of Probability Weighted Moments (PWM) β r . Greenwood et al. [66] defined the rth order PWM of a random variable X with cumulative distribution fuction F(X) to be
. . An unbiased estimator b r of β r given by Hosking and Wallis [65] is b r = n −1 (
r )x j:n , where x j:n denotes the jth smallest value in a sample of size n. The relationship between PWM β r and popular L-moments λ r are: L-location λ 1 = β 0 , L-scale
, and L-kurtosis τ 4 = λ 4 /λ 2 . The R package lmom [67] was used to conduct this analysis.
The purpose of this research is to explore the spatial analog method in extreme precipitation. The type of distribution that provides the best fit for extreme precipitation may be different among different models and durations, consequenctly the best fit frequency curve for each NARCCAP model precipitation series for each duration were selected from among five types of distributions: Generalized Logistic (GLO), Generalized Extreme Values (GEV), Generalized Normal (GNO), Generalized Pareto (GPA), and Pearson Type III (PE3) (see Table 2 ). Some studies recommend the GEV above other distributions for extreme precipitation frequency analysis [61, 68, 69] . But our comparison showed that the difference between two methods' resulting quantiles are very small (on average −0.4%).
The distributions with the smallest Root Mean Square Error (RMSE) were selected as the best fit distributions in this study [70] [71] [72] . Rainfall quantiles with the six different return periods selected for this study were then calculated using the quantile functions of the chosen distribution for each duration and RCM/GCM model combination. Table 2 . Summary of equations to calculate the characterizing parameters: ξ (location), α (scale), and k (shape) with population L-moments: L-location λ 1 , L-scale λ 2 , L-CV τ, L-skewness τ 3 , and L-kurtosis τ 4 [65] .
GNO
Numerical methods were used to estimate GNO distribution using L-moments [65] .
Previous studies have mainly used two methods to extract extreme precipitation data for frequency analysis: Annual Maximum Series (AMS) and Partial Duration Series (PDS) [51, 61] . AMS are formed by extracting the maximum values from each year of record. The PDS method, on the other hand, allows more than one extreme value to be extracted from a single year. The widely-adopted Chow et al. [73] method [51, 61] (Equation (1)) was used to convert the T PDS return periods from NA14 data to the T AMS from the model projections. In this study, the T PDS we analyzed are 2, 5, 10, 25, 50, and 100 years. The corresponding T AMS were calculated using Equation (1), which were used later in frequency analysis of AMS to generate unbiased quantiles at our T PDS of interest. For example, T AMS = 2.54 when T PDS = 2 using Equation (1). This means that a 2-year unbiased quantile can be estimated by a 2.54-year AMS-based quantile.
Bias Correction
As discussed previously, climate model simulated precipitation can be biased. Correcting for biases in climate model output using historical data for future projections assumes that the past performance of climate model could be an indicator of future skill. Even though there are still debates on this issue, many studies have proved the existence of systematic errors in climate model outputs and showed some evidence supporting this assumption [51, [74] [75] [76] . Bias correction was applied to NARCCAP future quantiles. The bias correction method used in the paper is the ratio method [28] , also referred as the multiplicative change factor method [77] . The ratio method is a widely used linear correction method for extreme precipitation quantiles [28, 78] . To get bias-corrected future quantile, P * f , the ratio method multiplies the ratio between NA14 quantile O and model simulated quantiles of current climate P, to the model simulated quantiles of future period P f . In this study, this correction was conducted for every NARCCAP quantiles at each selected return period and duration, using all NA14 quantiles within the study area, as shown in Equation (2). All NARCCAP historical quantiles from different RCM, GCM, and grid-remapping methods, at different durations and return periods, were bias-corrected separately. Each of these NARCCAP historical quantiles were bias-corrected to all NA14 quantiles within the study grid. In this way, the spatial variations of NA14 quantiles at the scale of our study area are taken into the consideration by the bias-corrected future NARCCAP quantiles.
in which α ijkl = O ijk /P ijl , is the bias-correction ratio, i stands for different durations, j stands for different return periods, k stands for the different NA14 grids within the study area, l stands for the different combinations of RCM, GCM, and remapping methods for NARCCAP quantiles.
Results
The results for frequency analysis are based on a grid centered at the CDS-51 catchment with the same horizontal resolution of a NARCCAP grid (50 km×50 km). Rainfall frequency quantiles from NARCCAP simulations and NA14 were analyzed at rainfall durations of 3-h, 24-h, and 30-day. Figure 4 shows the rainfall frequency quantiles from NA14 of the study grid. The range of NA14 frequency quantile estimates within the study grid (the grey shaded area) reveals the spatial variance of rainfall statistics at the spatial resolution of NARCCAP data at CDS-51. At the 3-h rainfall duration, this spatial variance is much smaller than those at 24-h and 30-day durations. The spatial variance is also increasing with decreasing exceedance probability (or the increase of return period). This trend is more obvious in 24-h and 30-day rainfall than in 3-h rainfall. At 100-year return period, the spatial variance of NA14 quantiles can be as high as 20 mm for 24-h and over 30 mm for 30-day rainfall. In addition to the variance caused by the spatial scale of the study grid, the confidence intervals of the frequency quantiles also are increasing slightly with decreasing of exceedance probability. Frequency quantiles from observation data for the study area, for 3-h, 24-h, and 30-day rainfalls. Figure 5 shows the comparison between frequency quantiles from NARCCAP simulations of historical periods and NA14 for the study grid. There are 40 NARCCAP realizations in total, from 10 RCM/GCM combinations, each regridded using four remapping methods. The uncertainties that come from GCM, RCM, and grid remapping for the NARCCAP frequency quantiles are extremely large compared to the range of NA14 frequency quantiles within the study grid. These uncertainties increase at longer return periods. At the 3-h duration, most of the NARCCAP historical frequency quantiles underestimate the observed NA14 frequency quantiles, except for those with return periods larger than 50-year. For 24-h rainfall, the NA14 frequency quantiles generally lie at the upper bound of the NARCCAP historical quantiles range. Our results are comparable to the findings of Mishra et al. [16] , that NARCCAP RCM underestimate 3-h and 24-h extreme precipitations in the east part of the United States. However, for the 30-day duration events, the NA14 quantiles are within the variability of the NARCCAP historical quantiles. The large uncertainty in the model-simulated rainfall quantiles is the motivation for using bias-correction. As will be discussed below, using bias-correction we are able to easily quantify changes to the different quantiles, despite the biases that may exist for individual model simulations. 
Rainfall Frequency under Current Climate

Modeled Historical Period Rainfall Quantiles vs. Current Rainfall Quantiles
Bias-Correction of Modeled Frequency Quantiles
Bias-correction forces the frequency quantiles of NARCCAP historical time period to match the NA14 quantiles. By multiplying the ratio of each NA14 quantile within the study grid to each of the NARCCAP quantiles, all NARCCAP quantiles from different RCM/GCM combinations, remapping methods, at different return periods and durations, coincided with the specific NA14 quantile used for bias-correction. As shown as an example for 3-h rainfall in Figure 6 , the mean of all bias-corrected NARCCAP historical quantiles coincide with the mean of NA14 quantiles at all exceedance probabilities. The mean bias-correction ratios for each GCM and RCM combination are shown in Figure 7 . These ratios can serve as evaluations of the performance of RCM and GCM. Values larger than 1 indicate that the particular NARCCAP model is underestimating precipitation, while values less than 1 indicate overestimation. Some models perform better at smaller durations, while others better at longer durations. For example, HRM3 model frequency quantiles are the closest ones to NA14 quantiles at 3-h and 24-h durations, but for 30-day duration they tend to overestimate the NA14 quantiles. CCSM model results largely underestimate at 3-h and 24-h durations, but their results at 30-day duration are realistic. Models can also perform differently at different return periods. In addition, the correction ratios tend to depend more on the RCM than the GCMs: Cells with the same RCM have more similar colors than cells with the same GCM ( Figure 7 ). This result matches with the finding of Monette et al. [79] and Khaliq et al. [80] who studied seasonal 1-day to 10-day extreme precipitations for Canadian watersheds using NARCCAP data. The control of RCM on the performance seems to gets weaker at 30-day duration, where ratios of the same RCM model can be very different from each other. Taking HRM3 again as an example, at 30-day duration, ratios of HRM3+gfdl have a relatively good performance, with more overestimation at larger exceedance probabilities, while ratios of HRM3+hadcm3 are giving the worst results among all the model combinations, with more overestimation at smaller exceedance probabilities. This overestimation of HRM3 was also observed by previous study of Monette et al. [79] . They found that HRM3 tends to overestimate multiday rainfall extremes, with more bias at longer duration and return period. Bias−correction ratio Figure 7 . Bias-correction ratios for NARCCAP frequency quantiles (NA14/NARCCAP) averaged for each General Circulation Model (GCM) and Regional Climate Model (RCM) combination, for 3-h, 24-h, and 30-day rainfall, at exceedance probabilities from 0.5 to 0.01 (2-year to 100-year return period). Figure 8 shows the average behavior of future bias-corrected NARCCAP frequency quantiles and NA14 frequency quantiles of the study area. There is a clear increase in rainfall depth in the bias-corrected future mean NARCCAP quantiles for all three durations from 3-h to 30-day, when compared to the NA14 quantiles. For 3-h rainfall, this increase of rainfall depth is almost an identical increase of about 8 mm at different exceedance probabilities from 0.01 to 0.5. At the 24-h duration, the difference between mean bias-corrected future quantiles and NA14 quantiles decreases for longer return periods. On the other hand, at the 30-day duration, this difference increases slightly at longer return periods, with a maximum difference of over 20 mm. Even though these differences between "current" and mean projected future frequency quantiles are obvious, they may not be statistical significant: Most of the bias-corrected NARCCAP future quantiles are still within the confidence intervals of the NA14 quantile range. The only exception is at 3-h duration and exceedance probability larger than 0.2. In general, at larger exceedance probabilities the mean bias-corrected future quantiles are closer to the upper boundary of confidence limits of the "current" frequency quantiles range of the study area. A Welch Two Sample t-test analysis on the difference of the means and a Wilcoxon Rank-Sum test of the two-sample medians indicated that the means and medians of bias-corrected NARCCAP future (2041-2070) quantiles are different from NA14 quantiles of the study area at all analyzed exceedance probabilities and durations. Welch Two Sample t-test is an unpaired two-sample location test with a null hypothesis that the two populations have equal means. It assumes normality and is more reliable than Student t-test when the two samples have unequal variances. Wilcoxson Rank-Sum test is a non-parametric test with a null hypothesis that the two populations have equal median. It does not assume normality but does assume equal variance. By using both tests, we can perform robust statistical inference on the difference between average behaviors of the bias-corrected NARCCAP future quantiles and NA14 quantiles. The results from both tests indicate that the average projected future rainfall quantiles are larger than those under current climate for the study area with high confidence. Figure 9 shows how the range of future bias-corrected NARCCAP frequency quantiles and NA14 frequency quantiles of the study area compare to each other. The range of bias-corrected NARCCAP future quantiles are always much larger than the NA14 quantiles. Furthermore, the NA14 ranges are within the NARCCAP ensemble for all three durations. The NA14 range increases with longer return periods and longer rainfall durations from 3-h to 30-day. Bias-corrected future NARCCAP ranges also increase for longer return periods and rainfall durations. Figure 9 also shows all the realizations of future bias-corrected NARCCAP quantiles compared to NA14 quantiles of the study area. The darkness of the grey color represents the density of future NARCCAP realizations. In general, NARCCAP bias-corrected future quantiles are higher than NA14 at all frequencies, especially at smaller durations of 3-h and 24-h. At the duration of 30-day, with the extreme high values of MM5I model at longer return periods, the mean future NARCCAP quantiles are higher than NA14 quantiles (as shown in Figure 8 ). 
Bias-Corrected Modeled Future Frequency Quantiles
Rainfall Frequency Quantiles from Other Cities under Current Climate
NA14 quantiles from several other cities south of Chicago were used to compare with the projected future changes in rainfall. Figure 10 shows how bias-corrected NARCCAP future frequency quantiles of the study area compare to the NA14 quantiles of those other cities south of the study area. Figure 11 shows the differences between the quantiles from NA14 and mean bias-corrected NARCCAP future quantiles. For 3-h rainfall, the NA14 quantiles from Memphis is the closest one to the mean bias-corrected NARCCAP future quantiles. At 24-h duration, NA14 quantiles from St. Louis are the nearest to NARCCAP bias-corrected future mean quantiles of the study area. For 30-day duration, NA14 quantiles from Springfield and Champaign are closest to NARCCAP bias-corrected future mean quantiles of the study area.
The result supports our hypothesis that the change of extreme precipitation in time, from now to future, can be approximated by the change of extreme precipitation in space, from one location to others. This implies that the spatial analog method is feasible to utilize observed precipitation data from one location to represent potential future extreme precipitation. For example, Memphis can be used as 3-h extreme precipitation spatial analog for the study area; St. Louis can be used as 24-h extreme precipitation spatial analog for the study area; Springfield and Champaign can be used as 30-day extreme precipitation spatial analog for the study area. Spatial analog of extreme precipitation will likely depend on the duration of rainfall of interest. 
Conclusions and Discussion
It has been hypothesized that as climate warms, the temperature and precipitation in a location such as Illinois could be more like the climate in a more southern location like Texas [36] . This implies that we could potentially use spatial analogs, instead of relying on GCM projections of future climate. This is particularly attractive in the case of urban water infrastructure, because of the very small spatial and temporal scales required for the design of stormwater systems. We test the spatial analog hypothesis by analyzing the observed extreme precipitation, characterized using NA14 IDF relations, at 3-h, 24-h, and 30-day durations and 2-year to 100-year return periods, in a study grid that centered at Calumet Drop Shaft-51 catchment of the Chicago metropolitan area. We compare these observations with future projections of extreme precipitation as simulated using bias-corrected IDF relations from RCM-GCM combinations from the NARCCAP ensemble under SRES A2 scenario for the period 2041-2070. We then compare the NARCCAP projections with observed extreme precipitation in four other more southern cities: Champaign, Springfield, St. Louis, and Memphis. Although NARCCAP simulations are used in this study the analysis can be easily applied to updated RCMs as these data become more widely available.
The major findings of this study are:
1. The variances in raw NARCCAP historical frequency quantiles from different combinations of RCM, GCM, and grid remapping methods are much larger than the variance of NA14 quantiles within the study area for all three durations analyzed. Most NARCCAP historical realizations tend to underestimate NA14 quantiles at smaller durations (3-h and 24-h), while at 30-day NA14 quantiles lie within the NARCCAP quantile range. Consequently, bias-correction is required to correct for the NARCCAP biases. 2. The bias-correction ratio can serve as a metric for evaluating model performance. There is no individual model combination that best captures the behavior of NA14 rainfall quantiles at all durations and frequencies. The model performance depends on rainfall duration and return period. The correction ratios tend to depend more on the RCM than the GCM, especially at smaller rainfall durations of less than 24 h. 3. The projections of future extreme precipitation using bias-corrected NARCCAP 2041-2070 quantiles under A2 scenario have ensemble means and medians that are all statistically higher than the NA14 quantiles, indicating a future intensification of extreme events at all durations and return periods. For individual NARCCAP realizations, most of them are higher than NA14 at all quantiles. The uncertainty in NARCCAP bias-corrected future quantiles is still very large, compared to the variance of NA14 quantiles. This uncertainty increases with return period and rainfall duration. 4. We find that future 3-h rainfall in Chicago will be more similar to that of current-day Memphis, while longer-duration 30-day rainfall will be more similar to that of Springfield, IL. This indicates that the spatial analog is potentially a useful method to obtain future extreme precipitation projections, but highlights the fact that the analogs will likely depend on the duration of rainfall of interest.
Even though this study used a single case in the Chicago area, we speculate that the dependence of extreme precipitation spatial analog on the duration of rainfall found in this study is likely to appear in other cases (especially in Midwestern US) as well. The intensity of extreme storms in the Midwestern US has been increasing in the historical period [81] , and these changes are dominated by a shift in the most intense precipitation, usually associated with mesoscale convective systems (MCS) that show an upward trend in intensity along the northern plains [82] . This means that regions in Iowa and Illinois are experiencing more intense short-duration events, that look more like the storms at locations further south (Memphis). However, on average, not all types of storms are increasing at this rate. Average precipitation includes stratiform precipitation, air mass convective precipitation, etc., and these types of storms do not seem to be increasing in intensity. So as we average in time, these trends in MCS storms will be "washed out" and our spatial analogs will be more like nearby locations (St. Louis or Champaign).
This study provides a first look at the possibility of extreme precipitation spatial analog to represent future precipitation projection at the scales of urban H & H study. Observed precipitation data from these spatial analogs that describe the behavior of extreme precipitation at time scales as small as sub-hourly, and spatial scale of 10 km or less, is a promising way to supplement the variability of localized extreme precipitation to the output of climate models. Other similar studies are needed to generalize our conclusions, and further investigate biases and limitations of the approach. In particular, more future studies are needed to explore how to adopt extreme precipitation spatial analog method in urban H & H study. One potential way is to use the real rainfall data with actual built-in time variability that satisfy the criteria of projected quantiles (i.e., total depth, duration, and frequency) as input to urban H & H models.
In addition, because the spatial analogs change with precipitation duration, further study is needed to examine whether the analogs identified for the shortest RCM duration analyzed (3 h in this study) are appropriate to extrapolate to the temporal scales required for urban catchments. As was mentioned earlier regarding duration and location of extreme precipitation spatial analog, we hypothesize that the longer durations reflect averaging among different types of storms. Although the temporal resolution of current generation models does not allow us to test this, we speculate that storms of shorter durations will tend to be associated with MCS and hence behave more similarly to each other than to longer duration storms. The next generation of models [54] should allow climate projections at shorter durations and once readily available could be used to test this hypothesis and identify the durations below which the analog tends to stabilize.
Nowadays, engineering practices are expected to design with consideration of the risk with its service life. There is a great need to design infrastructure economically not only to serve under current climate conditions, but also under potential future conditions. The uncertainty might be very large, but on the other hand, the benefit for any potential information on future precipitation is also very large. Even though there are large uncertainties associated with climate model projected extreme precipitation at spatio-temporal scales of urban studies, it is still probably the only method to project the future conditions at the temporal and spatial scales required for engineering design. As climate scientists are pushing hard on new generations of models, we hope that this bias and uncertainties can be gradually removed in the future.
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